The protein kinase A (PKA) signaling pathway plays a role in regulating growth and differentiation in the dimorphic fungus Mucor circinelloides. PKA holoenzyme is comprised of two catalytic (C) and two regulatory (R) subunits. In M. circinelloides, four genes encode the PKAR1, PKAR2, PKAR3, and PKAR4 isoforms of R subunits. We have constructed null mutants and demonstrate that each isoform has a different role in growth and differentiation. The most striking finding is that pkaR4 is an essential gene, because only heterokaryons were obtained in knockout experiments. Heterokaryons with low levels of wild-type nuclei showed an impediment in the emission of the germ tube, suggesting a pivotal role of this gene in germ tube emergence. The remaining null strains showed different alterations in germ tube emergence, sporulation, and volume of the mother cell. The pkaR2 null mutant showed an accelerated germ tube emission and was the only mutant that germinated under anaerobic conditions when glycine was used as a nitrogen source, suggesting that pkaR2 participates in germ tube emergence by repressing it. From the measurement of the mRNA and protein levels of each isoform in the wild-type and knockout strains, it can be concluded that the expression of each subunit has its own mechanism of differential regulation. The PKAR1 and PKAR2 isoforms are posttranslationally modified by ubiquitylation, suggesting another regulation point in the specificity of the signal transduction. The results indicate that each R isoform has a different role in M. circinelloides physiology, controlling the dimorphism and contributing to the specificity of cyclic AMP (cAMP)-PKA pathway.
M
ucor circinelloides is a dimorphic fungus from the new subphylum Mucormycotina (formerly classified as Zygomycetes) that displays yeast or filamentous morphology as a consequence of different environmental conditions, including gas atmosphere and level of nutrients (33) . Fungi from this subphylum are organized in multinucleated cells. M. circinelloides yeasts display multipolar budding and each cell harbors more than one nucleus, while mycelium is aseptate and has distributed nuclei along the hyphae.
Fungal dimorphism is particularly important since genetic evidence indicates that in a number of pathogenic fungi in animals and plants, the morphogenetic transition is directly associated with virulence and pathogenesis (4, 21, 29) . M. circinelloides is a causal agent of the lethal fungal infectious disease mucormycosis (6, 10) , which has been reported in patients with impaired immunity (22, 27, 38, 40, 49) . Recently, it has been reported that the spore size dimorphism is linked to virulence in M. circinelloides (23) . The functional analysis of genes involved in the control of dimorphism in M. circinelloides is a contribution to advance the understanding of pathogenic zygomycetes.
One of the key regulators of polarity in fungi, as well as of other processes such as development, mating, and virulence, is the cyclic AMP (cAMP)-dependent protein kinase A (PKA) (5, 16) . The participation of cAMP in the morphogenetic process of Mucor has been shown for both Mucor rouxii (35, 36) and M. circinelloides (53) .
The PKA from M. circinelloides is a tetrameric holoenzyme that resembles its mammalian counterparts, although with a higher affinity in the interaction between regulatory (R) and catalytic (C) subunits. An acidic cluster present in the N terminus of the M. circinelloides R subunit (linker I region) is involved in determining the high affinity of this holoenzyme (32, 39) .
We have studied the role of PKA in the regulation of morphological and cellular development in M. circinelloides. Four genes encoding PKA regulatory subunits (R) were identified and characterized; we have also predicted a similar multiplicity of isoforms from other sequenced genomes from zygomycetes, i.e., Phycomces blakesleeanus and Rhizopus oryzae (31) . All of the M. circinelloides isoforms are expressed differentially during aerobic and anaerobic development (31) . pkaR1 was the first gene cloned, and its role in the regulation of morphology was recently reported (53) . A pkaR1⌬ mutant (⌬R1) showed a reduction in growth and alterations in germination rates, cell volume, germ tube length, and asexual sporulation. The lack of the pkaR1 gene resulted in a decreased cAMP binding activity and in a protein kinase activity that was still dependent on cAMP, although with a higher Ϫ/ϩ cAMP activity ratio, due to the existence of other cAMP binding activities (31) . In this work we studied the functions of the other three pkaR genes. We generated different M. circinelloides mutant strains which have a disruption in the pkaR2, pkaR3, or pkaR4 gene and analyzed the role of each pkaR gene in growth and differentiation. We could establish that the multiple PKAR isoforms, evolutionarily retained, may have acquired different specificities in a subfunctionalization process (17) , which is supported by the existence of different expression patterns and different effects on growth, sporulation, and differentiation under aerobic and anaerobic growth conditions. Among all the isoforms, PKAR4 is shown to have a key role in the regulation of germ tube emission in aerobiosis and after the shift from anaerobiosis, while the remaining PKAR isoforms affect in different ways and degrees growth and differentiation. We also show the ubiquitylation of some of the PKAR isoforms under different growth conditions, suggesting that this modification could also contribute to the specificity of PKA signaling. These results indicate that PKA is involved in multiple and differential processes in M. circinelloides physiology.
MATERIALS AND METHODS
Strains and growth and transformation conditions. Strain MU402 (30) , a uracil and leucine auxotroph derived from R7B (41) , was used as the recipient strain in transformation experiments to knock out the pkaR3 and pkaR4 genes, giving rise to MU359 and MU365, named in this work the ⌬R3 and ⌬R4 strains, respectively. The leucine auxotroph R7B (wild type [wt] ) is a leuA mutant strain derived from M. circinelloides forma lusitanicus CBS277.49 (41) . This strain was used as the recipient strain in transformation experiments to knock out the pkaR2 gene, giving rise to BA201, named the ⌬R2 strain (⌬pkaR2). The R7B strain was used as a control in all the experiments performed with ⌬R3 and ⌬R4 because it has the same auxotrophy as the mutants. The KFA89 strain (53) was used as a control in all the experiments performed with ⌬R2 because it has the same genetic background. Both R7B and KFA89 showed the same behavior in all the analyses, and therefore, data or pictures for only one of them are shown in the figures for simplicity.
Cultures were grown at 30°C in YPG, MMC, or YNB medium (29) , which were supplemented with uridine (200 g · ml Ϫ1 ) or leucine (20 mg · ml Ϫ1 ) when required. The selective medium was MMC for the ⌬R3 and ⌬R4 strains and YNB for the ⌬R2 strain. The pH was adjusted to 4.5 and 3.2 for mycelial and colonial growth, respectively. Transformation was carried out as described previously (15) .
Deletion of pkaR genes. Plasmid pUC19R2, harboring the pkaR2 gene from position 718 to position 1730 (GenBank accession no. BankIt1191938 FJ800364), was obtained by cloning the corresponding PCR fragment in the HindIII/EcoRI sites of pUC19.
Plasmid pR2leuA, which contains the M. circinelloides leuA gene flanked by pkaR2 sequences, was used to disrupt pkaR2. This plasmid was constructed by PCR amplification of pUC19R2 with primers s1n (=5-TG TAGCTGCAGCACACTGTTCA GCTCTTGC-3=) and s1c (5=-ATGTAC TGCAGGCCTCGTGCTGCCTCC-3=), which contained PstI restriction sites for cloning purposes (in italics). The amplified fragment had a 0.594-kb deletion of the pkaR2 coding region and was digested with PstI and ligated with a leuA 4.3-kb PstI fragment from pLEU4. The plasmid generated was pR2leuA, which was linearized with PvuII to transform R7B by the electroporation protocol (15) .
Plasmid pUC18R3 harbors the pkaR3 gene from position Ϫ956 to position 2709 (GenBank accession no. BankIt1476716 JN624777). A 3,665-bp PCR fragment was cloned in the EcoRI/XbaI sites of pUC18.
Plasmid pR3pyrG, which contains the M. circinelloides pyrG gene (37) flanked by pkaR3 sequences, was used to disrupt pkaR3. It was constructed from a PCR fragment amplified from pUC18R3 with the primers PKAR3-1537 BamHI-R (5=-GGATCGGATCCTGGTAGTCCTGGGATAAAGC-3=) and PKAR3-2741BamHI-F (5=-CCATGGGATCCTTCAAGAAGCCA GATCC-3=), which included BamHI restriction sites (in italics). This PCR fragment, containing a 1.184-kb deletion of the pkaR3 coding region, was digested with BamHI and ligated with a pyrG 3.2-kb BamHI fragment from pEMP1 (37) . The plasmid linearized with EcoRI was introduced into MU402 by electroporation.
Plasmid pGEM-T pkaR4, containing a fragment from position Ϫ1248 to 2480 of the pkaR4 gene (GenBank accession no. BankIt1476724 JN624778), was constructed by cloning a 3,728-bp DNA PCR fragment in the pGEM-T vector.
Plasmid pR4pyrG, which contains the M. circinelloides pyrG gene flanked by pkaR4 sequences, was constructed from pGEMT-R4 to disrupt pkaR4. PGEMT-R4 was PCR amplified using primers PKAR4-2925BamHI-F (5=-AGAAAGGATCCATGCCATTATCAATCAGC-3=) and PKAR4-1505BamHI-R (5=-TCCTGGGATCCGGGTTCGCCGAAC GTAAAGG-3=), which contained BamHI restriction sites (in italics). The PCR fragment with a 1.409-kb deletion of the pkaR4 coding region was digested with BamHI and ligated to a pyrG 3.2 kb BamHI fragment from pEMP1 (37) to produce plasmid pR3pyrG. The plasmid was linearized with EcoRI and introduced into MU402 by electroporation. Nucleic acid isolation and analysis. General procedures for plasmid DNA purification and cloning transformation of Escherichia coli and standard manipulations for hybridization analyses were performed as described in standard manuals (44) . DNA from M. circinelloides was prepared as described previously (43) .
For Southern blot analysis, restriction-digested chromosomal DNA (1 g) was blotted onto positively charged nylon filters (Gene Screen hybridization transfer membrane; Perkin-Elmer Life Science, Inc.) and hybridized at 65°C to radioactively labeled probes in Church buffer. Probes were labeled with [␥-32 P]dCTP using a NEBlot kit (New England BioLabs). Plasmids containing the M. circinelloides leuA gene flanked by pkaR2 sequence (GenBank accession no. BankIt1191938 FJ800364) or the pyrG gene flanked by pkaR3 or pkaR4 sequence (GenBank accession no. BankIt1476716 JN624777 and BankIt1476724 JN624778, respectively) were used to knock out the corresponding genes in the recipient strains (see the supplemental material for details).
cAMP binding assay. cAMP binding was measured by nitrocellulose filter assay. Crude extracts from the wild-type, ⌬R2, ⌬R3, and ⌬R4 strains, grown aerobically for 4 h in YPG medium or in MMC medium after anaerobic growth overnight and shifted to aerobic conditions for 4 h, were incubated for 30 min at 30°C in a final volume of 70 l with 0.3 M [ 3 H]cAMP (62,000 dpm · pmol Ϫ1 ) and 0.5 M NaCl in 10 mM Tris-HCl buffer (pH 8). At this concentration, cAMP was saturating. An aliquot was spotted on nitrocellulose membrane filters under vacuum and washed with 20 mM Tris-HCl buffer (pH 7.5) (13). R activity was estimated by calculating the amount of cAMP binding in femtomoles.
Standard PKA assay. The PKA C subunit activity was determined by assay of its phosphotransferase activity with kemptide as a substrate. The phosphorylation of kemptide was performed by adding an aliquot of PKA, semipurified with DEAE-cellulose, to a standard incubation mixture containing 15 mM MgCl 2 , 0.1 mM [␥-32 P]ATP (700 dpm · pmol Ϫ1 ), 200 M kemptide, and 10 M cAMP (when added). After 15 min at 30°C, aliquots were processed by the phosphocellulose paper method (42) . PKA activity was expressed in units defined as picomoles of phosphate incorporated into substrate · min Ϫ1 at 30°C. R subunit purification. Wild-type strain R7B and ⌬R mutants (10 6 spores/ml) were grown in liquid medium for 3 to 4 h until germ tube emission under aerobic conditions, overnight under anaerobic conditions, or under anaerobic conditions and further shifted to aerobic conditions for 3 h until tube germ emission (shift). The R subunit was isolated using N 6 cAMP-agarose from Biolog. Briefly, equal amounts of protein of crude extracts from both strains were loaded onto the resin; the resins were washed exhaustively with 0.5 M NaCl. Finally SDS-PAGE cracking buffer was added to the resin to elute proteins bound to the resin.
Western blotting. Samples of purified R preparations or crude extracts were analyzed by SDS-PAGE and blotted onto nitrocellulose membranes using 25 mM Tris-192 mM glycine-20% (vol · vol Ϫ1 ) methanol buffer. Blots were blocked with 5% nonfat milk and 0.05% Tween 20 in Tris-buffered saline. Primary anti-R antibody was prepared in our laboratory against purified R subunit from M. rouxii prepared in rabbit. Primary antiubiquitin antibody was from Santa Cruz Biotechnology Inc. Secondary antibody (peroxidase-conjugated anti-rabbit immunoglobulin G) was from Sigma. The blots were developed with Luminol chemiluminescence reagent.
Immunoprecipitation assay. Crude extracts prepared from strain R7B grown in YPG medium under aerobic conditions for 8 h were incu-bated with anti-R antibody for 1 h at 4°C, followed by addition of A/G agarose and incubation for 16 h at 4°C. The immunoprecipitates were washed with 5 ml of buffer (10 mM Tris-HCl [pH 7.5], 5 mM EDTA, 2 mM EGTA, 2 mM ␤-mercaptoethanol, and protease inhibitors) plus 0.1 M NaCl. The immunoprecipitates were subjected to Western blot analysis with anti-R and antiubiquitin antibodies.
Radial growth assay and sporulation. Portions (10 l) of a spore suspension (10 3 spores · ml Ϫ1 ) were spotted onto YNB (⌬R2 strain) or pH 4.5 MMC (⌬R3 and ⌬R4 strains) plates in triplicate. Radial colony growth was monitored at 30°C every 12 h from 24 to 72 h by colony diameter measurement. Growth rates are expressed in m · h Ϫ1 . All experiments were performed three times, and the results from representative experiments are presented.
For sporulation determination, 100 spores of each strain were spread on selective medium plates and incubated at 30°C for 5 days, and then a plug of agar (1 cm 2 ) was removed for spore calculation. The results shown are averages for three replicates.
Microscopic analysis. For microscopic assays, the cells were fixed with 8% glutaraldehyde and analyzed by using a Nikon E-600 microscope. Pictures were taken with a Nikon Cool Pix-5000 camera. The cell volume and hyphal length were calculated by analyzing 500 cells from each strain and using Science Lab 98, Image Gauge version 3.12. The values are expressed in arbitrary units (a.u.), and each value represents the mean Ϯ the standard error of the mean (SEM) for three independent experiments.
Semiquantitative RT-PCR. RNA was prepared from samples of wildtype, ⌬R1, ⌬R2, ⌬R3, and ⌬R4 M. circinelloides strains grown up to different stages using standard procedures. Semiquantitative reverse transcription-PCR (RT-PCR) of each pkaR RNA was performed using the elongation factor EF-1a gene (tef-1) as an internal standard. The tef-1 gene has been demonstrated to be constitutively expressed throughout germination in M. circinelloides (47) . The RT-PCR amplification reaction, using Superscript II reverse transcriptase (Invitrogen), was calibrated in order to determine the optimal number of cycles that would allow detection of the appropriate mRNA transcripts while still keeping amplification for these genes in the log phase. Specific oligonucleotide sense and antisense primers were designed so as to identify specifically the mRNA of each gene. These primers included Tef-1f (5=-TCACGTCGATTCCGGTAAGT C-3=), Tef-1r (5=-TATCACCGTGCCAGCCAGA-3=), pkaR1F (5=-CTTG TTTGATACCAATGATACCAGTAATG-3=), pkaR1R (5=-CTCCTGTCC ATCTCCAAAATAAACT-3=), pkaR2F (5=-AGACAAGTAGTTGAACAT CAGCCTG-3=), pkaR2R (5=-TTGCTGAGAGCCGTCAGGCAGCTTCT T-3=), pkaR3F (5=-CATCCCATGTGGGCGGCATTGGCCC-3=), pkaR3R (5=-CCTTGCTTCATTTCATTGACCAACTG-3=), pkaR4F (5=-GATGTG TACTGCAAAGATCAGCCTCA-3=), and pkaR4R (5=-CTGCAAGATAA CATGCTCTCCATCATTG-3=). The expected PCR product lengths were 775, 955, 817, and 994 bp for pkaR1, pkaR2, pkaR3, and pkaR4, respectively, and 550 bp for tef-1. The PCR bands were analyzed and quantified by digital imaging (Bio-Imaging Analyzer Bas-1800II and Image Gauge 3.12; Fujifilm), with the pixel intensities expressed in arbitrary units.
PCR screening. Genomic DNA was prepared from samples of wildtype, ⌬R2, ⌬R3, and ⌬R4 M. circinelloides strains grown up in selective solid medium for 2 days or in YPG liquid medium (pH 4.5) overnight. PCRs were performed with the primers S1s (5=-ATCTCGCCAATACGA CCAGCACCCTC-3=), S1f (5=-CGATCCACACCCACGTATACTTCGG-3=), S1t (5=-GACGTCTGTGTACTGCTCTTCGTC-3=), Lr (5=-AGTACA GTGCAACGAATGCAGGTC-3=), Pf (5=-TCGTTGAGCTGCCTGTTGT TGTTG-3=), S3f (5=-CACTTGTGTGTTTTCGCCACGCTCC-3=), P3F1 (5=-CACTTGTGTGTTTTCGCCACGCTCC-3=), PF2 (5=-GGCAAGTAA CACCACATTCAGAGC-3=), S3f (5=-ATCCATGACTTGAGCCAGCAG G-3=), S3r (5=-TCCATGACAGGACCTAATAAACG-3=), p3R (5=-ACGA GAGCCTTTGCCGAAGC-3=), PR2 (5=-ATCCCACCAGAAGGAGTAC ATGG-3=), Pr (5=-GATGCTTGACAGTGTTGCTAGC-3=), S4f (5=-AA TGACCTTTACGTTCGGCGAAC-3=), and S4r (5=-CATGGTGATGAGT GTCTCTGTCG-3=), as indicated in Fig. 1 .
RESULTS

Construction of knockout strains for the pkaR genes.
We have already shown that the R subunit genes (pkaR1, pkaR2, pkaR3, and pkaR4) display differential expression patterns during aerobic and anaerobic development of M. circinelloides, suggesting that they have acquired different specificities retained by evolutionary mechanisms (31) . Through the use of a mutant strain with a disrupted pkaR1 gene (⌬R1), we could demonstrate that this isoform is involved in several developmental processes (31) . Here, the roles of the remaining three isoforms of the R subunit in the morphology and differentiation of the fungus were studied by constructing mutants with deletions of the pkaR2 (⌬R2), pkaR3 (⌬R3), and pkaR4 (⌬R4) genes.
pkaR null mutants were generated by gene replacement using knockout vectors containing a selective marker gene, i.e., the pyrG gene for the construction of the ⌬R3 and ⌬R4 strains and the leuA gene for the ⌬R2 strain, flanked by sequences of the respective pkaR gene. Restriction fragments from the knockout vectors containing sufficient sequence of the pkaR genes to allow homologous recombination (28, 37) were used to transform a wild-type PKA strain. Strain MU402, which is wild type for PKA but auxotrophic for uracil and leucine, was used to disrupt the pkaR3 and pkaR4 genes, while strain R7B, which is wild type for PKA but auxotrophic for leucine, was used to disrupt the pkaR2 gene. Initial transformants were grown in selective medium for several vegetative cycles to finally obtain transformants showing 100% of colonies with the selective marker, which were assumed to be homokaryons. They were named ⌬R2, ⌬R3, and ⌬R4. The disruption of each pkaR gene was confirmed by PCR, RT-PCR, and Southern blot analysis.
PCRs were performed using a primer that hybridized in a pkaR genomic region outside the replacement fragments and another that hybridized inside the selective marker sequence (Fig. 1A, C , and E). The expected DNA fragments were obtained only in PCRs in which DNA from the mutants was used as the template, confirming the insertion of leuA or pyrG sequence in the corresponding pkaR gene (Fig. 1B , D, and F, bottom right panels). Deletion of pkaR2 and pkaR3 was confirmed by PCR using internal primers that hybridized with genomic regions deleted in the corresponding mutants, because the expected product was obtained only in the wild-type strain (Fig. 1B) . In the case of pkaR4, PCR was performed using two primers that hybridized outside the replaced fragment. The expected product was obtained only in wild-type strains because the fragment from the mutant was too large to be amplified (Fig. 1F , bottom right panel).
The disruption of the pkaR genes was further confirmed by Southern blot analysis using pkaR2-, pkaR3-, or pkaR4-specific probes that detected both the wild-type and the disrupted pkaR alleles, although with different expected sizes due to the replacement of wild-type alleles with a 4.3-kb DNA fragment containing the leuA sequence in ⌬R2 or a 3.2-kb fragment containing the pyrG sequence in ⌬R3 and ⌬R4 (Fig. 1A, C , and E). The ⌬R2 and ⌬R3 transformants showed the expected DNA fragments with an increase in size of 3.7 kb and 2 kb, respectively, compared to the fragments of each wild-type strain, indicating that the pkaR2 and pkaR3 wild-type alleles had been correctly replaced ( Fig. 1B and D , left panel). Moreover, lack of pkaR2 and pkaR3 mRNA in the corresponding mutants was assessed by RT-PCR ( Fig. 1B and D, top right panels). Strain ⌬R4 showed a special behavior in South-ern blotting because the transformant isolated as a homokaryon showed the expected DNA fragment with an expected increase of 1.8 kb compared to the fragment of the wild-type strain (data not shown). However, when DNA from transformants grown for several vegetative cycles was used, the fragment with the same size as the wild-type pkaR4 allele was observed in addition to the disrupted allele (Fig. 1F , left panel).
These results suggested that the transformant of ⌬R4 was a heterokaryon, containing a small proportion of wild-type nuclei that should increase by successive transfers onto new selective medium. This was further confirmed by analysis of pkaR4 mRNA accumulation by RT-PCR. The pkaR4 mRNA was not detected in a ⌬R4 mutant strain analyzed immediately after it was isolated, but significant pkaR4 mRNA levels were detected when the strain Genomic DNAs from the wild-type strain (MU402) and the pkaR2 knockout mutant (⌬R2) were digested with XhoI and hybridized with the pkaR2 probe (left panel). RT-PCR was assessed to evaluate mRNA from overnight cultures using primers pkaR2F and pkaR2R, with Tef-1f/Tef-1r as an internal standard (top right panel). PCR from genomic DNA was performed with primers S1s-pkaR2R (lanes 1 and 4), S1f-Lr (lanes 2 and 5), or S1f-S1t (lanes 3 and 6) (bottom right panel). Note that an expected 4.7-kb fragment in lane 4 was not amplified due to its large size. (C) Genomic structures of the wild-type (wt) pkaR3 locus and of the locus after homologous recombination with the replacement fragment. The primers (arrows) and probes used are indicated. E, EcoRI; B, BamHI (mutant strain).(D) Genomic DNAs from the wild-type strain (MU402) and the pkaR3 knockout mutant (⌬R3) were digested with EcoRI and hybridized with the pkaR3 probe (left panel). RT-PCR was performed to evaluate mRNA from overnight cultures with primers pkaR3F and pkaR3Rr, with Tef-1/Tef-1r as an internal standard (top right panel). PCR was performed with primers p3R-PR2 (lanes 1 and 4), S3f-S3r (lanes 2 and 5), or P3F1-PF2 (lanes 3 and 6) (bottom right panel). Note that an expected 5-kb fragment in lane 4 was not amplified due to its large size. (E) Genomic structures of the wild-type (wt) pkaR4 locus and of the locus after homologous recombination with the replacement fragment. The primers (arrows) and probes used are indicated. E, EcoRI; B, BamHI (mutant strain). (F) Genomic DNAs from the wild-type strain (MU402) and the pkaR4 heterokaryotic transformant (⌬R4) were digested with EcoRI and hybridized with the pkaR4 probe (left panel). RT-PCR was performed with RNA from overnight cultures from the initial transformants (lanes 1 and 2) and after a few vegetative cycles (lanes 3 and 4) with primers pkaR4F and pKAR4R, with Tef-f1/Tef-1r as an internal standard (top right panel). PCR was performed with primers S4f-Pr (lanes 1 and 3) or S4f-S4r (lanes 2 and 4) (bottom right panel). The positions and sizes of the DNA fragments are indicated at the left of the panels. The arrows represent the cloned region in every case, and the coding region is indicated in gray.
was subjected to successive growth cultures (Fig. 1F , top right panel, lanes 3 and 4). This finding suggested that ⌬R4 strains are viable only as heterokaryons and that pkaR4 should be an essential gene, because it was not possible to isolate a stable ⌬R4 mutant after several attempts.
Remarkably, the morphology of the putative ⌬R4 did not resemble that of the wild-type strain, since when grown in solid medium it displayed predominantly white colonies, which showed a reduced growth in a selective medium at pH 4.5 ( Fig. 2A and data not shown). The sporulation capacity was much lower in white than in yellow colonies, and as a consequence, after several subcultures colonies were mostly yellow ( Fig. 2A, bottom panel) . PCR and RT-PCR were used analyze the presence and the expression of the pkaR4 gene in both types of colonies. PCR was performed with primer sets specifically designed so as to detect the pkaR4 gene whether or not it was interrupted with the pyrG sequence (Fig. 2B) . We obtained the expected products from both types of colonies, i.e., one fragment from white colonies and two fragments corresponding to interrupted and wt nuclei from yellow colonies. By RT-PCR, performed as described in Materials and Methods, pkaR4 mRNA was detected in the wild-type strain and in the yellow colonies but not in the white ones (Fig. 2C) . The tef-1 gene was used as an internal control in both assays.
All these results confirm the heterokaryon nature of the ⌬R4 strain. Signals corresponding to both the presence and absence of the pkaR4 allele were observed, and their relative intensities suggested an unbalanced proportion of both types of nuclei. We thus conclude that a pkaR4 deletion mutant is viable only as a heterokaryon containing wild-type nuclei and that therefore pkaR4 is essential for viability in M. circinelloides.
Biochemical characterization of the pkaR mutant strains. The presence or the absence of the PKAR proteins in each mutant was evaluated by analyzing samples purified through cAMP-agarose from wild-type, ⌬R2, and ⌬R3 strains grown under aerobic conditions by Western blotting using anti-R. The identification of the PKAR proteins purified by cAMP-agarose and visualized by Western blotting using anti-R antibody has been previously validated by matrix-assisted laser desorption ionization-tandem time of flight (MALDI TOF-TOF) mass spectrometry (31) . The absence of the specific PKAR isoform in the mutant strains was confirmed (Fig. 3A) . It is worth noting that the ⌬R2 strain showed higher levels of PKAR4 and lower levels of PKAR3 than the wildtype strain. Cultures of the ⌬R4 strain subjected to an anaerobicaerobic shift were analyzed, since in a wild-type strain the highest pkaR4 expression level was detected under these growth conditions (31) . A reduced, but not null, expression of PKAR4 protein relative to that in the wild-type strain was detected. The presence of PKAR4 protein is in agreement with the heterokaryon nature of the mutant. The relative expression among the protein isoforms changed in each mutant (see below in expression analysis).
For the biochemical characterization, the levels of total cAMPdependent kinase (PKAC) and cAMP binding activities in ⌬R2 were analyzed and the results were compared with the results previously published for ⌬R1 (31). The rationale was the following. (i) Under aerobic growth conditions, PKAR1 and PKAR2 are the most highly expressed isoforms. (ii) The linker region and the acidic nature of the residues in the linker have a key role in the interaction of R and C subunits and therefore in cAMP kinase dependence (32) . (iii) Each PKAR isoform has different number of acidic residues in the linker region, and PKAR1 and PKAR4 have a higher number of acidic residues than PKAR2 and PKAR3; therefore, the interaction affinity of the latter isoforms with C should be lower than that of PKAR1 and PKAR4. Thus, the measure of the kinase activity in ⌬R2 and ⌬R1 is considered to model how the lack of one type of PKAR can affect the total PKAC or cAMP dependence of the kinase activity.
The lack of the pkaR1 gene resulted in a decrease of PKAC, which was still dependent on cAMP although with a higher Ϫ/ϩ cAMP activity ratio (31) . In the PKAR2 null mutant neither the total PKAC activity nor the kinase cAMP dependence was signif- icantly different from that in the wild-type strain (Fig. 3B) . We have already shown that PKAR3 and PKAR4 isoforms are both poorly expressed under aerobic conditions; PKAR3 is expressed mainly in spores but immediately decreased upon germination, and PKAR4 is almost not expressed until the emission of the germ tube in aerobiosis and is highly expressed in the shift from anaerobiosis to aerobiosis. Furthermore, PKAR3 has the same low number of acidic residues in the linker region as PKAR2, in contrast to the isoforms PKAR1 and PKAR4, which have a higher number of acidic residues (31) . The lack of one PKAR isoform with a high or low number of acidic residues did not have the same effect on the kinase activity. We therefore think that the existence of more than one regulatory subunit isoform should affect the activation of PKA by cAMP and in this way contribute to the specificity of the signaling.
The cAMP binding activity in pkaR mutants from cultures grown under aerobic conditions for 4.5 h was assessed. We observed, as expected according to their known levels of expression, a slight decrease in the cAMP binding activity in ⌬R3 and ⌬R4 mutant strains and a striking decrease in that in ⌬R2 compared with the wild type (Fig. 3C, left panel) . cAMP binding activity was also measured in the ⌬R4 strain grown overnight under anaerobic conditions and then shifted to aerobic conditions for 4 h, conditions under which pkaR4 has the highest expression, reaching levels similar to those of pkaR1 and pkaR2. A slight decrease in binding activity compared to that in the wild-type strain was observed in this case (Fig. 3C, right panel) .
These results corroborate the lack of each PKAR protein in the mutants and that there is not a direct correlation between the absence of one PKAR subunit and a change in the kinase activity.
Growth, sporulation, and morphology of the pkaR mutants. The roles of the PKAR isoforms in macroscopic morphology were monitored by analyzing the radial growth and sporulation in solid medium. The radial growth rate on solid medium and the sporulation capacity of the ⌬R2 strain were similar to those of the wildtype strain (Fig. 4 and Table 1 , whereas the ⌬R3 mutant strain showed a slight reduction) in radial growth rate and spore formation (Fig. 4 and Table 1 ). The radial growth rate in the ⌬R4 mutant strain was analyzed using spores from initial transformants and spores harvested after several subcultures. When using spores from initial transformants, the radial growth rate and the sporulation capacity were reduced compared to those of wild-type strain ( Fig. 4A and B Table 1 ). The colony shape of the mutant was also altered, showing jagged edges (Fig. 4A) . However, when the experiments were performed with spores harvested after several vegetative cycles, the phenotypic differences between ⌬R4 and the wild-type strain were lessened (Fig. 4B, bottom panel) . The loss of the phenotypic differences of ⌬R4 correlated with the fact that spores with more wild-type nuclei are generated after every asexual cycle.
The mutants ⌬R1, ⌬R2, and ⌬R3 showed hyphae with a morphology highly similar to that of the wild-type strain when grown on solid medium, whereas the ⌬R4 heterokaryon mutant exhibited a series of striking morphological alterations. Its hyphae were shorter and swollen in a bulbous manner, with curves or undulations, and the frequency of subapical branching was reduced, suggesting that pkaR4 is involved in regulation of hyphal cell polarity (see Fig. S1 in the supplemental material).
The microscopic morphologies of the mutant strains were also investigated by measuring the germination kinetics, the mother cell volume, and the number and length of germ tubes of spores grown in submerged cultures under aerobic and anaerobic conditions and after the transition from anaerobic to aerobic conditions ( Fig. 5; see Fig. S2 in the supplemental material). The ⌬R3 strain showed only slight differences from the wild-type strain in all the parameters analyzed and under all the growth conditions. These results correlated with the low expression level of the PKAR3 isoform. Cultures of ⌬R2 spores continuously grown under aerobic conditions showed important differences compared to the wildtype strain. The germ tube emission was earlier than in the wildtype strain, and the mother cell volume was reduced ( Fig. 5A ; see Fig. S2 in the supplemental material). The heterokaryon ⌬R4 strain showed the most remarkable differences from the wild-type strain, since it had a severe defect in germ tube emission and an increase in the mother cell volume (Fig. 5A) . The measurement of the mother cell volume in the ⌬R2, ⌬R3, and ⌬R4 strains grown under anaerobic conditions showed no differences compared to the wild-type cell volume (not shown).
These results were also different from those observed in the ⌬R1 strain, which showed a reduced mother cell volume, an ear- lier emergence of the germ tubes, and a reduction in the hyphal extension rate after its emission. Marking a difference from the other three R subunits deletions, ⌬R1 showed a reduce cell volume compared to the wild-type strain under anaerobic growth conditions (31) .
The morphological changes observed after the shift from anaerobiosis to aerobiosis in the mutants were similar to those observed under aerobic conditions. The germ tube emission in ⌬R2 was earlier and the hyphal length was longer than in the wild-type strain. ⌬R3 was similar to the wild-type strain, and ⌬R4 showed the most critical differences, i.e., a severe defect in the emission of the germ tube. The morphological alterations shown by ⌬R4 were of different degrees depending on whether the spore had come from initial heterokaryon transformants or from spores harvested after several subcultivations.
The microscopic morphologies of the mutant strains were also investigated in the presence of different carbon sources and concentrations (glucose, fructose, and glycerol) and in the presence of a poor nitrogen source, such as glycine, in both aerobiosis and anaerobiosis, since for dimorphic species such as M. rouxii and M. circinelloides the main factors influencing morphology are the presence (and concentration) of a fermentable hexose and nitrogen availability (3) . It has been reported (55) that a Neurospora crassa temperature-sensitive (mcb) mutant which is defective in the one gene encoding the regulatory subunit of PKA has an apolar growth phenotype in glucose, while the growth of the wt is polarized. When the hexose used as carbon source in the culture medium was fructose, this phenotype was lost and both mutant and wt strains grew alike. Under all the aerobic conditions studied, the differences observed between wt and mutant strains were similar to the ones already detected using the standard YPD growth medium (data not shown). These results indicate that unlike for the mcb mutant, nutritional conditions are not determinant in the differential behavior of each mutant.
The only new interesting phenotype that could be observed was under anaerobic conditions in the presence of glucose as a carbon source and glycine as a nitrogen source. Under those culture conditions, the wt, ⌬R1, and ⌬R3 strains showed a reduced isodiametric growth, whereas ⌬R2 grew with germ tube emergence that was predominantly unipolar (see Fig. S3 in the supplemental material). Therefore, when using glycine as a nitrogen source in anaerobiosis, the growth of ⌬R2 is switched to hyphal growth and that of the rest of the strains is impaired.
From these results it can be concluded that each PKAR isoform has a distinct role during M. circinelloides growth and differentiation, that PKAR4 is essential for emission of the germ tube, and that PKAR2 seems to be necessary for an accurate control of germ tube emission.
Expression of pkaR genes. The expression at the mRNA level of each pkaR gene in a wild-type strain showed a differential expression at different developmental stages (31) . We now measured mRNA levels of these genes in the different pkaR mutant backgrounds (Fig. 6) . In ⌬R1 and under aerobic conditions (Fig.  6A) the levels of the other three pkaR transcripts were slightly increased; pkaR4 mRNA showed the greatest increase. As stated above, we have observed that in the ⌬R1 strain the emergence of germ tubes under aerobic and anaerobic growth conditions was earlier than that in the wild-type strain and, on the other hand, that the ⌬R4 strain had an impediment in the emission of germ tubes. Taking into account the expression level of pkaR4 in the ⌬R1 strain and the alteration in the germination rate, these results are in agreement with a key role for pkaR4 in germ tube emission. In ⌬R2, the pkaR4 mRNA level was increased even more than in the case of ⌬R1; the phenotypic analysis showed that the ⌬R2 strain had the earliest germ tube emission under aerobic growth conditions among the mutants, and in the ⌬R3 strain there was not a significant change in the pattern of mRNA levels in comparison with those of the wild-type strain (Fig. 6A) .
Under anaerobic growth conditions in the wild-type strain, the levels of pkaR1 and pkaR2 mRNAs were similar and were higher than those of pkaR3; pkaR4 mRNA was undetectable. This pattern of expression did not change in any of the deletion mutants (Fig. 6B) .
The levels of mRNAs were also measured in the mutant strains during the shift from yeast to filamentous growth. Under this condition in the wild-type strain, there was an increase in pkaR4 mRNA levels compared with those under the anaerobic condition (31) . The ⌬R1 and ⌬R2 strains showed an increase in pkaR3 and pkaR4 mRNA levels, whereas ⌬R3 showed a decrease in pkaR4 mRNA level in comparison with that of the wild-type strain (Fig. 6C) .
These results suggest that the expression of each pkaR gene is highly regulated and coordinated in response to the environment, allowing the regulation of morphogenesis.
Posttranslational modification of PKAR isoforms. A previous study from our laboratory described that anti-R antibody specifically detected an abundant protein with the expected apparent molecular mass corresponding to R subunits but that it also detected polypeptides with a higher molecular mass that possibly arose from covalent modification of the isoforms (25) . The pkaR genes encode four proteins (PKAR1, PKAR2, PKAR3, and PKAR4) with predicted molecular masses of 44, 44, 47, and 49 kDa, respectively. However, Western blot analysis with anti-R antibody of extracts prepared from a wild-type strain grown at dif- normalize the data. Total RNA was extracted from cell cultures of the wild-type, ⌬R1, ⌬R2, and ⌬R3 strains grown for 4.5 h under aerobic conditions (A) and from cell cultures under anaerobic conditions (B) or shifted to aerobiosis for 4 h (C). PCR bands were analyzed and quantified by digital imaging, expressing the pixel intensities in arbitrary units (a.u.) relative to the tef band intensity. Each value represents the mean Ϯ SEM for four independent experiments. ferent times under aerobic conditions, extracts from cultures grown under anaerobic conditions, and extracts from cultures after a shift to aerobic conditions showed forms with higher molecular masses. The detection of these high-molecular-mass forms was more evident in extracts from an overnight aerobic or yeast anaerobic culture, and they were visualized even 4 h after the shift from yeast to filamentous growth (Fig. 7A) .
Since the extra bands showed an important increase of the apparent molecular mass, it appeared conceivable that the isoforms were modified by attachment of multiple ubiquitin moi- eties. Glycosylation and phosphorylation modifications were ruled out because the extracts were subjected to treatment with agarose-immobilized lectin wheat germ agglutinin (WGA) and to alkaline phosphatase treatment and neither of the treatments removed the high-molecular-mass bands detected by the anti-R antibody (data not shown). To verify the ubiquitylation hypothesis, the PKAR isoforms were immunoprecipitated using anti-R antibody in extracts from the wild-type strain grown overnight and analyzed for the presence of ubiquitylated isoforms by subsequent immunoblotting using an antiubiquitin antibody. High-molecular-mass ubiquitin forms, between 116 and 200 kDa, were detectable in PKAR immunoprecipitates (Fig. 7B) . The data reveal modification of endogenous PKAR isoforms by multiple ubiquitin attachment.
With the aim of knowing whether the four PKAR isoforms could be polyubiquitylated, we analyzed extracts from the ⌬R1, ⌬R2, and ⌬R3 strains grown under aerobic conditions overnight. The higher-molecular-mass forms around and closer to 200 kDa decreased in the ⌬R1 and ⌬R2 mutant strains but did not significantly decrease in the ⌬R3 strain (Fig. 7C) . These results suggest that the PKAR1 and PKAR2 isoforms could be modified by ubiquitylation and that the longer the culture growth, the larger the amount of ubiquitylated PKAR isoforms.
Polyubiquitylated proteins are usually targeted for degradation in the 26S proteasome, causing a reduction in protein levels; however, polyubiquitylation does not always result in protein degradation, and in this case it could regulate the protein activity. During the purification of R isoforms with cAMP-agarose, we could observe that the polyubiquitylated forms of high molecular mass were not retained in the cAMP-agarose resin but were present in the column flowthrough, indicating that these modified forms could not bind cAMP (Fig. 7D) . Moreover, when cultures of the wild-type strain were incubated with the proteasome inhibitor MG132, no changes in the polyubiquitylated forms of R were observed (Fig. 7E) , although the treatment increased significantly the total ubiquitylated proteins as revealed by the analysis of the same samples with antiubiquitin antibodies, suggesting that they are not intermediate forms of degradation by the 26S proteasome.
Although more experiments are necessary to confirm the polyubiquitylation of PKAR isoforms in M. circinelloides, these results lead us to think that this modification somehow inhibits the cAMP binding activity and therefore modulates the protein kinase activity of holoenzymes that contain PKAR1 and PKAR2 isoforms.
DISCUSSION
Previous results from our laboratory showed that PKA is involved in the morphogenetic process of Mucor (35) and that it has a role in hyphal branching during filamentous growth in M. circinelloides (25) . Recently, we have shown the role of the PKA pathway in growth and differentiation in M. circinelloides by generating a pkaR1 gene deletion mutant. This mutant showed a reduction in growth and asexual sporulation, an earlier germ tube emergence in aerobic cultures, and a reduced cell volume (31) . From the biochemical and morphological results obtained for ⌬R1, we predicted and confirmed the existence of three additional genes encoding the regulatory subunit of PKA.
The aim of the present work was to analyze the participation of every PKAR isoform in M. circinelloides differentiation and establish whether each isoform had a different role in this process. We thus disrupted the three pkaR genes pkaR2, pkaR3, and pkaR4 and characterized each mutant biochemically and phenotypically.
One of the most important observations in this work was the definition of the ⌬R4 strain as a heterokaryon strain, indicating that a pkaR4 deletion mutant is not viable without containing wild-type nuclei and consequently that pkaR4 is essential for viability in M. circinelloides. Spores harvested after several vegetative cycles of growth under different conditions gradually lost the phenotypic differences from the wild type. This correlates with the fact that the heterokaryotic state is broken during sporulation, and since spores of M. circinelloides are multinucleated, spores containing more wild-type nuclei are generated during the sporulation process. It has been described that if an essential gene is deleted, rather than causing death, the null allele will be rescued by spontaneous generation of a heterokaryon (34) . An example had been described for the filamentous fungus Aspergillus nidulans, in which the deletion of the protein kinase C-encoding gene (pkcA) was lethal and only heterokaryotic strains were obtained (18) .
Samples from each mutant strain semipurified with cAMPagarose and analyzed by Western blotting showed the absence of the specific PKAR isoform (Fig. 3A) . Interestingly, the levels of PKAR3 and PKAR4 were altered in the ⌬R2 strain under aerobic conditions, suggesting that pkaR2 directly or indirectly controls the levels of both isoforms. However, this control should take place at different levels, because the increase of the PKAR4 protein level was consistent with an increase in mRNA levels (Fig. 6A) , suggesting a transcriptional control, whereas the great decrease in PKAR3 protein levels were not accompanied by a decrease in the pkaR3 mRNA levels and could be a consequence of translational or posttranslational regulation.
The absence of one PKAR isoform did not have the same effect on the kinase activity. The ⌬R1 strain showed a decreased in total PKAC activity, and this activity showed a lower dependence on cAMP for catalytic activity. However, the ⌬R2 strain showed almost no differences from the wild-type strain in PKAC activity. This difference could be explained by considering the sequences and biochemical characteristics of the remaining PKAR isoforms in each mutant strain. PKAR isoforms differ in the amino-terminal region and in the linker region (31) . The R-C affinity interaction of PKA in M. circinelloides is higher than that in other species, and this is due to the presence of an acidic region in linker I (32), a region present between the N terminus and the cAMP binding domains. PKAR1 and PKAR4 have a higher number of acidic residues in the linker I region than PKAR2 and PKAR3. A higheraffinity interaction between PKAC and PKAR1 or PKAR4 than between PKAC and PKAR2 or PKAR3 is expected. The decreased cAMP dependence of the PKAC activity in the ⌬R1 strain could therefore be a consequence of the lower interaction affinity between PKAC and the remaining PKAR2 or PKAR3 isoforms expressed in this mutant. In ⌬R1, as a consequence of a decreased Ϫ/ϩ cAMP ratio, the C subunit is more easily dissociable; a C subunit that is not part of a holoenzyme is more unstable than when it is associated with an R subunit (35) . Thus, this could explain the decrease in total PKAC in this mutant. The opposite situation would occur in the ⌬R2 mutant strain, considering that the isoforms expressed in this mutant are PKAR1 and an increased PKAR4; therefore, a higher interaction affinity between PKAC and these PKAR isoforms as a result of cAMP dependence would not be altered, explaining the lack of a difference from the wild-type strain.
Therefore, the existence of more than one regulatory subunit isoform should affect the degree of activation of PKA by cAMP due to differences in the linker domain of each R isoform, and this degree of activation will depend on the concentration of each of the isoforms at a given time. Besides the multiple isoforms of the R subunit, we have detected the existence of 10 catalytic subunit isoforms for Mucor circinelloides and also have predicted a similar high number of isoforms from the genomes of the other two sequenced zygomycetes, Rhizopus oryzae and Phycomyces blakesleeanus (17; L. Fernandez Nuñez et al., unpublished results). Therefore, a multiplicity of possible different PKA holoenzymes due to the combination of these C and R subunits isoforms could give different responses to a burst in cAMP.
Until now, the gene encoding the regulatory subunit of PKA has been found to be present in a single copy in the fungi Saccharomyces cerevisiae, Ustilago maydis, Neurospora crassa, Magnaporthe grisea, Cryptococcus neoformans, Candida albicans, Schizosaccharomyces pombe, Aspergillus fumigatus, Aspergillus niger, Colletotricum lagenarium, Yarrowia lipolytica, and Blastocladiella emersonii. Thus, zygomycetes seem to be the only class of fungi that have more than one isoform for the R subunit (1, 2, 8, 9, 11, 14, 26, 46, 50, 51, 52, 54) . The corresponding mutants with mutations in the genes encoding the PKA regulatory subunit have been obtained from several of these fungi, and there does not seem to be a unique way in how fungi respond to the deletion of the R subunit, since some of them, such as A. niger (46) , have the same level of PKA activity as in the wild-type cell, whereas in others, such as C. neoformans or A. fumigatus (11, 54) , the PKA activity is increased. However, the different mutants are different from the wt in both microscopic and macroscopic phenotypic features. A characteristic that seems to be a common feature of R mutants of filamentous fungi is a slower radial growth, since besides our own results, this has also been reported for N. crassa, C. lagenarium, A. fumigatus, and A. niger (2, 46, 51, 54) . Germination rates of the fungal R mutant strains are lower than those of the wt strains. Sporulation or conidiation defects also appear to be common to these mutants in filamentous fungi, such as A. niger, A. fumigatus, or C. lagenarium (46, 51, 54) . Some R subunit mutants also show a loss of growth polarity, as in A. niger, C. albicans, and N. crassa (2, 8, 46) . In plant-and human-pathogenic fungi such as U. maydis, C. albicans, and C. neoformans, R subunits are also required for filamentous growth (8, 11, 12, 14) . Contrary to what occurs in the mutants detailed above, homozygous R subunit mutants of C. albicans and Y. lipolytica are not viable (8, 9) .
In M. circinelloides the germination kinetics of mutants and wild-type strains were different in submerged cultures, although ⌬R3 showed only slight or no differences from the wild type under all the conditions analyzed. PKAR3 is the least-expressed isoform under aerobic and anaerobic growth conditions, and thus PKAR3 could be redundant in function with some other PKAR isoform or could carry out a particular function unrelated to the analyzed phenotypes. ⌬R2 and ⌬R1 (31) showed similar phenotypes, which were opposite to those of ⌬R4 under aerobic growth conditions. ⌬R2 showed a smaller mother cell volume, earlier germ tube emergence, and higher hyphal extension rate than the wild-type strain. ⌬R1 also showed a reduced cell volume and early germ tube emergence (31) . On the other hand, ⌬R4 showed a severe reduction in the germ tube emission, and the mother cell volume was significantly increased compared to that of the wild type. Therefore, these results suggest that pkaR1 and pkaR2 display roles antagonistic to those of pkaR4 in the fungus dimorphism. However, many data support that pkaR4 may play a pivotal role in germ tube emission. It is expressed only in the transition from yeast to filamentous growth (31) (Fig. 3A and 6 ), its deletion affects germ tube emission and seems to be lethal as expected for a gene with an important function in germ tube emission, and finally, mutants with increased pkaR4 levels (e.g., ⌬R2 and ⌬R1) show early germ tube emission (Fig. 5) (31) .
Other data are in agreement with the main role of pkaR4 in germ tube emission. Thus, under anaerobic conditions, no differences in either mother cell volume or number of buds were observed among ⌬R2, ⌬R3, ⌬R4, and the wild-type strain, but after the shift from anaerobiosis to aerobiosis, the phenotypes of mutant strains resembled those observed under aerobic growth conditions, with ⌬R4 showing the most significant alteration, since it emitted fewer germ tubes than the wild-type strain. Moreover, heterokaryon ⌬R4 in aerobiosis showed a decrease in both sporulation and radial growth compared to the wild type, and its hyphae were shorter and swollen in a bulbous manner, with curves or undulations and a reduced subapical branching frequency (see Fig. S1 in the supplemental material). All these phenotypes could be a consequence of a defect in germ tube emergence. In addition to pkaR4, pkaR2 also participates in controlling germ tube emergence, because ⌬R2 had an earlier emission under aerobic conditions and in the shift from anaerobiosis to aerobiosis and grew as a strongly polarized mycelium, with only one germ tube, under anaerobiosis in the presence of a poor nitrogen source, conditions under which the growth of the rest of the strains was impaired. Therefore, the absence of pkaR2 facilitated germ tube emergence under different environmental conditions, suggesting that PKAR2 represses this cellular process.
The measurement of the mRNA levels of each isoform in the wild-type and knockout strains indicates that the expression of each subunit has its own mechanism of differential regulation, suggesting that each PKAR isoform has a differential role during M. circinelloides growth and differentiation. We can therefore envision that the multiplicity of holoenzymes that could be formed within this organism should have a functional significance.
The results show that the phenotype displayed by each PKAR mutant is a consequence of the lack of a gene that results in a physiological response. Each of the multiple PKAR isoforms may have acquired different specificity, as supported by the existence of different expression patterns. Different isoforms of the holoenzyme may show differences in the activation by cAMP due to differences in the linker domain of the R subunit in each holoenzymatic isoform, as well as possible different subcellular localization through the N-terminal anchoring domain of each R (19, 20, 45) , thus providing specificity in both substrate phosphorylation and signaling pathway.
PKAR isoforms are posttranslationally modified by ubiquitylation, and the most affected isoforms are PKAR1 and PKAR2. The ubiquitylation can regulate the switching on or off of a signal transduction pathway regulating the half-life of its active components (24) . However, there are examples in which the polyubiquitylation does not seem to be implicated in protein degradation. The MCWC-1b protein (white collar 1-b isoform, implicated in the regulation of carotenogenesis in M. circinelloides) is oligoubiquitylated, and these forms do not seem to be intermediate forms of degradation by the 26S proteasome and could result in an inactive form of this transcription factor (48) .
We have observed that the PKAR isoforms are differentially ubiquitylated, and this could mean that the polyubiquitylation of PKARs could contribute to the specificity in cAMP signaling. Our results suggest that this modification regulates the cAMP binding activity of the regulatory subunits PKAR1 and PKAR2, and therefore it could modulate the holoenzyme kinase activities that are conformed by these PKAR isoforms. This modification occurs mainly in two of the four isoforms, suggesting another regulation point in the specificity of the signal transduction. The fact that this broad-specificity protein kinase mediates a number of discrete physiological responses following cAMP engagement has raised a major question of how specificity is maintained in the cAMP/PKA system. In this work we have characterized the unique features of each regulatory subunit isoform that may contribute to explain how differential effects of cAMP may orchestrate the PKA signal transduction pathway that regulates dimorphism in M. circinelloides.
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